Spatiotemporal heterogeneity of larch budmoth outbreaks in the French Alps over the last 500 years M. Saulnier, A. Roques, F. Guibal, P. Rozenberg, G. Saracco, C. Corona, and J.-L. Edouard Abstract: In the subalpine forest ecosystems of the French Alps, European larch trees (Larix decidua Mill.) are periodically affected by outbreaks of a defoliating insect, the larch budmoth (Zeiraphera griseana (Hübner, 1799) ; LBM). To assess the long-term dynamics of LBM populations, we propose a spatiotemporal analysis of a long outbreak chronology reconstruction for the entire French Alps covering the period 1414-2009. This chronology was obtained by analyzing tree ring width (TRW) chronologies collected from 44 larch populations. The evidence of a latitudinal gradient in LBM is an original result that we have related to the "travelling waves" and "epicenter" theory. Wavelet analyses revealed a strong explicit continuous signal for periodicities of 4, 8, and 16 years throughout the entire 1500-2003 time series, except for a loss of power from 1690 to 1790 and since the early 1980s. We hypothesize that these abrupt changes could reflect a physiological response of LBM to past climatic variations. The spatial and temporal variability of LBM outbreaks and the propagation phenomenon in the French Alps highlighted by this study raises questions regarding its future dynamics in response to the expected climate change.
Introduction
Outbreaks of defoliator insects are major disturbance events in forests around the world, especially in high-latitude and highelevation ecosystems. Depending on their intensity, such outbreaks may lead to complete tree defoliation and, sometimes, tree mortality. Although insect damage has been considered as less prevalent in forests of Eurasia compared with those of North America (Kneeshaw et al. 2015) , outbreaks of European insect species that exhibit eruptive population dynamics may result in highly significant ecological and economic consequences (Jepsen et al. 2008; Lindner et al. 2010) . Currently, a large number of forest defoliators, especially moths and sawflies, exhibit population cycles, with outbreaks occurring at more or less regular intervals (Berryman 1988) . The analysis of the dynamics of these outbreaks had long been limited to the description of the population demographic trends (Berryman 1988) . With the development of new technologies and analytical methods, several studies have focused on the complex mechanisms that might explain outbreak parameters such as occurrence and recurrence and their spatiotemporal dynamics (Bjørnstad et al. 2002; Ranta et al. 2002; Esper et al. 2007; Delamaire 2009 ). The recent elevational range shift mediated by climate change reported in plants (Sturm et al. 2001; Cleland et al. 2007 ; Lenoir et al. 2008; Engler et al. 2011; Dullinger et al. 2012) , tree lines (Saulnier 2012) , and insects (Parmesan 1996 (Parmesan , 2006 Battisti et al. 2005 Battisti et al. , 2006 Robinet and Roques 2010; Battisti and Larsson 2015) is also of growing concern because it could affect plantinsect relationships. Climate change has been claimed to be responsible for the range expansion northwards and upwards of several species of insect defoliators in temperate and boreal forests in Europe (Battisti et al. 2005; Jepsen et al. 2008; Roques 2015) . However, the effects on population dynamics do not seem to be so unilateral; some insects respond by increasing the level of leaf consumption and consequently the defoliation, whereas others show higher mortality and lower performance (Battisti 2008) . Thus, in some defoliators, climate change may be expected to result in increased spatial expansion and more severe outbreaks (Fleming and Candau 1998; Logan et al. 2007; Volney and Fleming 2000; Williams and Liebhold 1995) . It is hypothesized that the regions that represent the northern or upper limits of occurrence of such defoliator species such as the Alps or the boreal zone may face an increase in population density of these insects (Lindner et al. 2010; Netherer and Schopf 2010) .
In contrast, it is hypothesized that warming may alter and even lead to a collapse of the population cycles in certain other species such as the larch budmoth (Zeiraphera griseana (Hübner, 1799); =Z. diniana Guenée 1845, according to Fauna Europaea (http:// www.fauna-eu.org), hereafter abbreviated as LBM) (Esper et al. 2007; Johnson et al. 2010; Ims et al. 2008; Allstadt et al. 2013) . Understanding the mechanisms of cycle collapse has proven to be challenging because of limited long-term data on the populations of such cyclical species. With some exceptions (Büntgen et al. 2009; Johnson et al. 2010) , the scarce long-term records are in fact insufficient to (i) confirm robustly the changes in the patterns of the population dynamics and (ii) detect causal factors with certainty.
Therefore, an attempt to elucidate the response to climate change of LBM, one of the most well-known cyclical forest insects, is of general interest. Currently, LBM presents periodic larval outbreaks, which result in widespread reddening of the subalpine forests of European larch (Larix decidua Mill.) in the Alps. The annual variations in LBM population density have been thoroughly surveyed since the late 1950s throughout the Alps, from the southern French Alps to Switzerland and Austria (Auer 1977; Baltensweiler et al. 1977; Roques and Goussard 1982; Baltensweiler and Fischlin 1988; Dormont et al. 2006) . These studies tended to evidence the occurrence of 8-to 10-year cycles of LBM outbreaks. However, this outbreak periodicity was only observed at an elevation of 1800-2000 m above sea level (a.s.l.), considered as optimal for the synchronization of LBM egg hatching with the appearance of larch needles (Baltensweiler et al. 1977) .
LBM defoliation sharply reduces the width of tree rings in larch host trees during the outbreak period (Esper et al. 2007) . Thus, dendrochronological studies focused on LBM impact on larch tree rings at different spatial scales confirmed the 8-to 10-year periodicity for the Alpine region (Büntgen et al. 2009) and at the regional level in the Swiss Alps (Esper et al. 2007; Baltensweiler et al. 2008) , the French Alps (Rolland et al. 2001; Delamaire 2009) , and the Italian Alps (Motta 2004; Nola et al. 2006) . The longest available dendrochronological reconstruction of outbreaks showed fluctuations persisting over the past 1173 years in the Swiss Alps, with population peaks occurring every 9.3 years on average (Esper et al. 2007 ) and with only a few apparent gaps. Furthermore, many studies have looked at the spatial dynamics of the outbreaks (Ranta et al. 2002; Rolland et al. 2001; Baltensweiler and Rubli 1999) and described a pattern based on the travelling waves and epicenter theory (Bjørnstad et al. 2002; Johnson et al. 2004) .
However, since the 1980s, several authors have reported rapid changes in LBM population cycles, which may have major consequences for both the regularity and range of the oscillations (Esper et al. 2007; Johnson et al. 2010 ). The 1800-2000 m a.s.l. optimum zone of regular outbreak occurrence was thus suspected to have shifted towards higher elevations since the 1990s. A similarly rapid change in elevational distribution has been observed in other insects such as the pine processionary moth (Thaumetopoea pityocampa (Denis & Schiffermüller, 1775) ) in response to climate warming (Battisti et al. 2006; Roques 2015) .
The aim of this paper is to propose a long-term reconstruction of LBM outbreak events over the whole of the French Alps and to test their spatiotemporal regularity during the last 500 years. We hypothesize that such an approach offers a better basis for understanding the dynamics of disturbances and host-insect interactions by addressing the following questions. (i) Is it possible to localize the epicenter of the outbreak events? (ii) Is the periodicity of the LBM outbreaks constant? (iii) Do the changes in LBM outbreaks in response to global change occur at the scale of the whole of the French Alps?
Materials and methods

Study area
The sampling network consisted of 620 individual tree ring width (TRW) series from 44 populations (Fig. 1) spanning the period from 933 to 2009. This large dataset results from successive studies conducted in the French Alps since 1974 (Serre 1978; Tessier 1986; F. Guibal, unpublished; Edouard et al. 2002 Edouard et al. , 2009 Edouard et al. , 2010 Corona et al. 2011; Saulnier 2012) . The sites were selected to cover the north-south and west-east climatic gradients (44°06=N to 45°53=N, 6°40=E to 7°45=E; Fig. 1 ) in the French Alps. The sampled sites extended from low to high elevations (1050-2300 m a.s.l.), consisting of open forest stands with various slope exposures. Although human activities largely molded the French Alps, they occurred in a disjointed and asynchronous way. We therefore assumed that the use of this extensive network would enable us to minimize the effects of human disturbances.
Tree ring data and dendrochronological analysis
At each site, 5-37 undamaged dominant or co-dominant living trees were selected. From each tree, at least two cores were sampled in opposite directions parallel to contour lines, approximately 1.30 m above ground level, using a Swedish increment borer. In the laboratory, cores were mounted on wooden supports so that the cross-sectional view was facing up. Samples were then sanded using increasingly finer grade sandpaper and smoothed with a razor blade or by sanding with progressively finer grade sandpaper to optimal surface resolution, allowing annual rings to be recognized easily under magnification (Fig. 2 ). They were then processed using standard procedures for tree ring analysis (Stokes and Smiley 1968; Fritts 1976; Cook et al. 1990; Speer 2010) . Missing and wedging rings are common features of larch secondary growth. Cores were cross-dated under a binocular microscope by identifying marker years and specific ring-width patterns. Narrow rings provided the primary visual markers; rings with thin or light latewood were also used. Marker years and specific patterns were recorded using the skeleton plot technique (Stokes and Smiley 1968) . Once cross-dated, ring-width series were measured to the nearest 0.01 mm. To remove age-associated trends and minimize the influence of nonclimatic variations, the TRW series from the individual trees were standardized (Fritts 1976 ) using ARSTAN software (Cook and Holmes 1984) . A double-detrending process was applied, based on an initial negative exponential or linear regression, followed by a fitting of a 25-year cubic smoothing spline with a 50% frequency cutoff. Dimensionless indices were obtained by dividing the observed ring width value by the predicted one. This process -well-suited to the conservation of highfrequency signals, i.e., abrupt growth decrease expected to occur in response to disturbance such as defoliation by LBM (Saulnier 2012 ) -creates stationary time series for each tree with a mean of 1 and homogeneous variance (Cook and Peters 1981; Cook et al. 1990 ).
Several descriptive statistics commonly used in dendrochronology were computed to check the common signal recorded by the chronologies and are summarized in Table 1 . These include standard deviation (SD), which estimates the variability of measurements for the whole series, and mean sensitivity (MS), which represents the mean of the relative deviations between consecutive rings for a given chronology. Both SD and MS allowed assessment of high-frequency variations in the chronologies (Fritts 1976) . The first-order serial autocorrelation was computed to detect the persistence retained before and after the detrending. The mean correlation between trees (r bt ) was used as a measure of the strength of the common signal (Wigley et al. 1984) in each population. The r bt was calculated as a mean correlation between all overlapping pairs of indexed tree series.
LBM outbreak reconstructions
Identification of LBM outbreaks was based on a comparison of larch chronologies with those of sympatric tree species used as references. The choice of the reference species is a crucial step in the analysis. Certain requirements must be met for the non-host species to be suitable (Swetnam et al. 1985) : (i) have a climate response similar to that of the host species (Nola et al. 2006 ), (ii) not benefit in some manner from defoliation of the host tree, and (iii) not have been affected by other pests or other nonclimatic factors. In fact, the responses of the other alpine conifers to climate could be quite different from those of larch, even when they grow in the same forest (Weber 1997; Petitcolas and Rolland 1998; Rolland et al. 2001; Carrer and Urbinati 2004) . Nevertheless, Saulnier (2012) showed that larch and stone pine (Pinus cembra L.) presented a similar response to mean temperature during the growth season. In the Alps, stone pine can also be infested by LBM, but the larvae develop on shoots, instead of needles as in larch (Baltensweiler et al. 1977 ). Belonging to a specific host-race, LBM pine populations also present a cyclical dynamic, peaking the same year or one year after the LBM larch populations (Dormont . However, the density of the LBM pine populations is always considerably lower, peaking at 60-100 shoots infested per pine, while larch populations peak at ca. 400-800 larvae·kg −1 of foliage, i.e., more than 50 000 individuals per tree (Dormont et al. 2006) . Thus, variations in the width of pine tree rings due to LBM outbreaks were considered negligible. In a study carried out in the Susa Valley (Italian Alps), Nola et al. (2006) confirmed that LBM did not play an important role in shaping stone pine growth rate. Therefore, we used regional chronologies of stone pine as reference chronologies, each corresponding to several local stone pine chronologies grouped according to their specific latitudinal climatic response (Saulnier et al. 2011) . The use of regional chronologies can minimize the effect of nonclimatic factors and enhance the common climatic signal (Fritts 1976; Carrer 2011) . The climatic variations in the host index series were removed through subtraction of the non-host index series in accordance with the strategy developed by Nash et al. (1975) and extended to insect outbreak investigation by Swetnam et al. (1985) .
Thus an episode of LBM outbreak was identified when both (i) indexed larch chronologies recorded an abrupt decrease in growth ( Fig. 2) , i.e., a standard deviation lower than −1, and (ii) the difference between indexed chronologies of stone pine and larch was higher than 1.5. This double check prevents mistakes in the identification of LBM outbreaks such as those occurring during an extremely cold year leading to a strong growth rate decrease for the two species.
Because LBM outbreak identification, resulting from a double requirement, is a qualitative variable, we used the percentage of population detecting a LBM outbreak to study the long-term reconstruction at the alpine scale and an index corresponding to the value recorded by the population (indexed tree ring difference between stone pine and larch) to perform analysis at a more local Note: The chronology statistics include mean ring width (MRW), standard deviation (SD), and first-order serial autocorrelation (AC) computed on the raw tree ring series; and first-order serial autocorrelation (AC b.s.), mean sensitivity (MS), and mean interseries correlation (r bt ) computed on the indexed tree ring series. Sources (published or not) for the original larch chronology: *, J.-L. Edouard; **, F. Guibal; ***, V. Petitcolas; ****, L. Tessier; *****, C. Belingard; ******, M. Saulnier. scale. These results were used to measure the intensity of the LBM events at different scales to perform the following analyses:
• intensity at the regional or alpine scale, expressed in percentage of the populations showing a LBM outbreak, allowing discussion of the temporal patterns and long-term history of the LBM outbreaks; • intensity at the population scale, expressed as the difference between the larch and stone pine index chronologies, to be used for investigating the spatial pattern of the LBM outbreaks.
Spatial pattern analyses
We applied a principal component analysis (PCA; Jolliffe 2002) as a clustering technique to explore and elucidate a spatial pattern of LBM outbreaks through the French Alps. This enabled common features to be identified and specific relevant local characteristics to be detected (Richman 1986 ). The aim of the PCA is to reduce the size of large databases by transforming the multitude of correlated variables that compose them into new independent variables called principal components. These key components retained all of the information carried by the input data while reducing redundancy. They were calculated on the variable covariance matrix. We decided to retain only the components that expressed at least 5% of the variability of the original variables, a criterion previously used in similar dendroecological studies (Peterson et al. 2002; Case and Peterson 2005; Carrer et al. 2007 ).
The PCA was computed on the indices matrix (i.e., the intensity at the population scale in the "LBM reconstruction" section) corresponding to the tree ring growth difference between stone pine and larch for the period common to all populations . Scatterplots of the weighting coefficients for the first two PCs displayed the clustering of the variables with similar modes.
Temporal pattern analyses
To study the temporal continuity of the LBM events throughout the French Alps, we performed temporal analyses on the reconstruction of LBM outbreaks for the whole of the French Alps. The spectral (or correlation) techniques make the assumption that the statistical properties of the time series do not vary with time, i.e., are stationary. However, ecological processes typically violate the stationarity assumption and there are increasing numbers of papers that underline the nonstationary features of population dynamics (Cazelles and Hales 2006) .
We applied a complex continuous wavelet transform (CCWT) to assess a linear and local time-frequency (or time scale) analysis and the characterization of the spectral evolution of the signal (Grossmann et al. 1989; Lau and Weng 1995; Torrence and Compo 1998; Cazelles et al. 2008) . The dilation property of the transformation gives a local and multiscale analysis of transient phenomena that linear classical time-frequency methods do not allow (Grossmann and Morlet 1984; Saracco 1994 ). This transformation makes it possible to decompose an arbitrary signal into elementary contributions of functions called wavelets obtained by dilation "a" in time and translation "" in time of a "mother wavelet" or analyzing wavelet (t). (t) is used as a band-pass filter to the time data that are treated as a signal (Grinsted et al. 2004; Setz 2011) .
The analyzing wavelet (t) can be either real or complex. Here, we use the Morlet wavelet (a complex function), which is well localized both in time and frequency domains (eqs. 2 and 3). Two complementary information items from the CCWT are then obtained: the modulus |W x (, a)| and the phase Arg[W x (, a)] (Grossmann and Morlet 1984) (note that if the analyzing wavelet is real, the wavelet transform will be real).
From the phase of the transform, we can extract a set of ridges or spectral lines corresponding to frequency modulation laws of arbitrary signals, with respect to the analyzing or mother wavelet, while the values of modulus along these ridges provide amplitude modulation laws (Saracco et al. 1991) . From the isometry property of the transform, the square modulus (eq. 5) of the wavelet coefficients can be interpreted as a density of energy in the time-scale half-plane (Valero and Saracco 2005; Saracco et al. 2009 ). Let (t) be the analyzing wavelet or "mother wavelet":
The wavelets family generated by dilation "a" and translation "" of the mother wavelet (t) is, with the norm L 2 ,
The wavelet coefficient of the CCWT at a point (, a) is defined by the scalar product of the time series x(t) with the wavelet family t,a (t):
where ‫ء‬ is to the complex conjugate of . The parameter "a" is the dilation (a > 1) or contraction (a < 1) factor of the analyzing wavelet (t), corresponding to different scales of observation. The parameter "" can be interpreted as a temporal translation or shift of the function (t), which allows the study of the signal x(t) locally around the time t. The choice of the analyzing wavelet is free, but it has to verify the admissibility condition deduced from the isometric property of the transform in the following sense (Saracco 1994) : there exists for every x(t) a constant C g depending only on the wavelet such that (4)
and ͑ f ͒ is the Fourier transform of (t). By analogy with the Fourier analysis, the wavelet power spectrum S x (, f ) of the continuous signal x(t) is defined as
This wavelet spectrum can also be averaged in time (eq. 7), referred to as the global averaged wavelet power spectrum (Torrence and Compo 1998) , allowing the determination of the characteristic scales.
This analysis makes it possible to detect the presence of cycles and the temporal evolution of the period of the oscillations. As in Fourier analysis, the wavelet power spectrum can be extended to quantify statistical relationships between two time series x(t) and y(t). The wavelet cross-spectrum provides local information on the covariance of both time series at particular frequencies. However, previous studies have pointed out that wavelet crossspectrum appears poorly suited for interpretation of the interrelation between two nonstationary processes and recommend the introduction and use of wavelet coherence analysis (Maraun and Kurths 2004; Cazelles et al. 2008; Labat 2010) . The wavelet coherency is defined as the cross-spectrum normalized by the spectrum of each signal (Cazelles et al. 2008 ):
The notion of coherency in signal processing consists, from a general point of view, of a normalized measure of the correlation or "degree of likeness" from 0 to 1 between two arbitrary signals.
Thanks to the dilation property of the wavelet transforms, we can detect local information about where these signals are linearly correlated and define a particular and temporal location in the time-scale (time-frequency) half-plane. This analysis is particularly suitable for studying the potential effects of climate, particularly temperature, on LBM outbreaks.
Climate data
The climate model used in this analysis was developed by Büntgen et al. (2005) . This model consists of a June-August temperature reconstruction based on tree rings from both living trees and relict woods from the Alps. Larch data from four Alpine valleys in Switzerland and pine data from the western Austrian Alps, both located above 1500 m a.s.l., were used is this reconstruction. (Table 1) The estimated mean tree age per site (at coring height) of the 620 analyzed larch trees varies from 72 to 486 years. Mean sensitivity and first-order serial autocorrelation range from 0.2 to 0.3 and from 0.56 to 0.86, respectively. High first-order autocorrelation indicates that the radial growth throughout the network is strongly influenced by the conditions prevailing in the preceding year and by the geometrical effect of increasing stem circumference. The mean autocorrelation decreases from 0.74 to 0.28 after detrending, which evidences the efficiency of the double-detrending process. A particularly useful parameter for assessing the chronology quality is the interseries correlation (r bt ), which varies from 0.4 to 0.8. EPS value varies from 0.84 to 0.98, which indicates a high common signal between series, suggesting that the high variability of r bt may reflect a high individual variability.
Results
Statistical parameters
LBM outbreak events
Years of LBM outbreak were detected in each population. Table 2 summarizes the characteristics of the LBM events for all the populations. The French Alps chronology corresponds to the percentage of populations with LBM outbreaks by year. A wide disparity is observed between populations. To compare the results, the number of outbreaks (Nb) is expressed as the number of outbreak events per century (Nb/century) ( Table 2 ). On average, six outbreaks affect the larch populations per century, with a minimum of two (Merveilles) and a maximum of 11 (Fres1B). The recurrence interval between two outbreaks is, on average, about 20 years and is characterized by strong variability, with a minimum of 2 years observed for several populations and a maximum of 240 years observed for the population of Beauvezer1.
LBM reconstruction in the French Alps during the last halfmillenium revealed regular cyclic fluctuations of the phenomena with peak periods of 1-2 years immediately followed by declining phases (Figs. 3A and 3B ). This characteristic is common to all populations throughout the French Alps. The average time calculated between two outbreak peaks is 7.6 years.
Multispatial gradient
Principal component analysis (PCA) was used as a clustering technique to test groups with similar LBM outbreak years and to elucidate a spatial pattern of LBM outbreaks. Results of PCA applied on the LBM intensity matrix at the local scale (cf. methods, i.e., the matrix in which data for each larch population correspond to the tree ring growth difference between stone pine and larch) show that the two first axes explained 20% and 14% of the total inertia, respectively (Fig. 4) . Weighting coefficients obtained were then correlated to some environmental variables. The correlation between PC1 scores and site elevation is 0.64 and between PC2 scores and site latitude is 0.69 (p < 0.05). The obvious site distribution along a diagonal in the scatterplots suggests that both PCs contribute to the characterization of the site-specific LBM outbreak events. Low-elevation chronologies present negative scores on the first axis, whereas in the positive direction, the main structuring populations are located above 1500 m a.s.l., thus illustrating two different patterns of LBM outbreak events (Fig. 4A) .
With regard to the latitudinal gradient, PC2 clearly differentiates sites located in the northern French Alps in the positive direction from clusters of chronologies located in the central and southeastern parts of the French Alps (Fig. 4B) . These results yield significant heterogeneity in the spatial pattern, providing a basis for distinguishing outbreak events according to elevation and latitude of the populations.
As a consequence, on the basis of a latitudinal gradient, three LBM outbreak chronologies have been reconstructed: The cross-correlations between the three chronologies show that both the southern and northern populations are lagging 1 year behind the intermediate populations (Figs. 5A and 5B), while the southern and northern populations have maximum correlation for a time lag of 0 (Fig. 5C ).
Temporal heterogeneity
The reconstruction and wavelet analysis performed on the three regional chronologies is shown in Fig. 6 for the common period 1551-1994. It reveals the existence of 8-year cycles in each cluster with more or less continuity in the signal. The intermediate group presents the longer continuous signal. For the northern group, this signal extends less continuously over the period from 1550 to 1700. Within the southern group, the cycles were particularly strong between 1600 and 1650 and since 1930.
The wavelet analysis was applied on the LBM reconstruction throughout the French Alps, expressed as the percentage of populations with LBM events over the full reconstruction period, i.e., between 1500 and 2003. Results are presented according to the modulus and the phase of wavelet coefficients. Wavelet analysis in the LBM data reveals the presence of a strong power spectrum on the modulus around 8-year periodicities (Fig. 7A ) and thus confirmed on the phase with significant 4 and 8-12 year periodicities ( Figs. 7B and 7C ; only the ridge around 8-12 years is represented in Fig. 7B ). These periodicities mirror almost exactly the well-known LBM cycle. Both cycles are present throughout the entire 1500-2003 time series, with the exception of a loss of power from 1690 to 1790, especially between 1700-1740 and 1750-1800, and since the early 1980s (Figs. 7A and 7B) . Regarding the wavelet analysis of climate reconstruction data for the same 1500-2003 time period (Figs. 7D-7F) , the modulus and the phase of the wavelet analysis show the existence of several continuous periodic signals for different periods. The signal that appears closest to a continuous periodic signal is found for 2-4 and 8-12 year periods, and more locally for the 45-64 year periods. The abrupt change, characterized by a loss of significant power spectrum in LBM wavelet analysis observed between 1690 and 1790 (Figs. 7A and 7B), follows the increasing power spectrum of the 8-12 year periodic signal (discontinuous; Fig. 7D ) in climate series and coincides with a change in the ridge around 8-12 years (highlighted by white lines in Fig. 7E ), which represents the frequency modulation laws extracted on the phases of CCWT.
This striking link between the LBM data and climate reconstruction around those same 8-12 year periodicities is supported by the strong and almost continuous coherence (Fig. 8A ) and the phase coincidence (Figs. 8B, 8C, and 8D ). The modulus of the wavelet coherency analysis clearly shows a strong component, i.e., a high amplitude of the signals, near 1 around the 8-year periodicity, especially around 1500, 1590, 1690, 1740, and 1790 and since 1950. The magnitude of the component increases and decreases over time but is generally strong. Furthermore, for these periods, Figure 8D reveals phase coinci- Table 2 . Characteristics of the LBM outbreaks for each the populations according to (i) the number of outbreaks identified in chronologies expressed as the total number (Nb) and the average number per century (Nb/century) and (ii) interval between two outbreaks expressed as the mean, the minimum, and the maximum number of years. dences between the CCWT of both climate data and the strong periodic LBM outbreaks. Figures 8B and 8C , which represents the unwrapped phases for a period of around 8 years, confirms that both LBM and climate signals follow the same cyclicity (same frequency modulation laws, white lines) throughout time. Focusing on the years with a strong component of coherency (white-outlined rectangle), phase lines (vertical lines) appear either larger (1590-1620; 1640-1660; 1680-1720; 1740-1780; 1940-2000) , with a ridge located at higher frequency, or narrower . The loss of power identified on the two components of CCWT of LBM (1700-1740 and 1750-1800, and since the early 1980s) corresponds to the low power of the coherence and to the slight phase difference between LBM and climate ( Figs. 8B and 8C ).
The phase difference varies between 1/3 and , which evidences that LBM is lagging approximately 3-6 years behind climate (Fig. 8E) .
Results from both modulus and phases show that the dynamics of LBM outbreaks are very closely associated with climate. When a change in the climate signals occurs, the modulus of CCWT of LBM shows a lower amplitude (density of energy) or a higher amplitude, but frequency modulation laws extracted in the phase continue to follow closely those of climate.
Discussion
Evidence of an epicenter within the French Alps
The optimum 1700-2000 m a.s.l distribution zone for LBM outbreak probably explains the pattern of results observed on PC1, closely and significantly correlated to the elevation (Baltensweiler and Fischlin 1988) . The populations at both low and very high elevations, i.e., located on the margins of this optimum distribution range, present a less marked cyclicity and show less marked evidence of epidemics. It cannot be excluded that past outbreaks of some other defoliator insect known to attack larch such as the Nun moth (Lymantria monacha L.) may have generated a tree ring signal similar to that of the LBM. However, contemporary observations from 1950 onwards reveal only very scattered outbreaks of species other than LBM in the Alps (i.e., a local episode of Nun moth outbreak in the Briançon area during 1985 and an outbreak of the larch sawfly (Cephalcia sp.) in the southern part of the French Alps during 2011-2012). Thus species other than LBM likely had a very limited effect on larch tree rings.
The relationship between latitude and the occurrence of LBM episodes illustrates the presence of "travelling waves" associated Table 1. with epicenter zones located in the intermediate subalpine French Alps, as already suggested in other studies (Bjørnstad et al. 2002; Johnson et al. 2004; Delamaire 2009 ) (see Supplementary material 1 and Fig. 5) . Bjørnstad et al. (2002) demonstrated that spatial gradients in habitat quality (reflected in LBM population growth rate) or advective (directional) dispersal can result in recurring directional waves. In contrast, Johnson et al. (2004) supported an alternative hypothesis based on habitat geometry suggesting that habitat connectivity plays a key role in shaping spatial dynamics and, in particular, epicenter dynamics in the LBM. In general, three possible spatial patterns can emerge in cyclic population dynamics: (i) spatial synchrony, (ii) spatial asynchrony, and (iii) travelling waves.
Our results tend to confirm the hypothesis that the epidemics start in the intermediate subalpine zone of the French Alps before spreading north and south during the following years (phenomena illustrated in the video in Supplementary material 1 ). We used cross-wavelet analysis to evidence a link between the starting points of the LBM outbreaks within the three population groups. The travelling waves are typified by population in partial synchrony with a time lag. The wavelet analysis clearly shows that the usual functioning of the LBM cycle is only found in the inner Alps. In the northern and southern Alps, the continuity of the signal for a period of about 8 years appeared more sporadic and variable periodicity is likely.
It would be of prime interest to link the spatial pattern observed in the French Alps with those obtained in others areas in the Alps, especially in Switzerland. Indeed, Johnson et al. (2004) defined a major epicenter in France, located in the Briançon area (southwestern Alps), and a minor one in Switzerland, situated in the Engadine (central Alps). Both epicenters are located in zones with the highest concentration of closely connected favorable habitats. Johnson et al. (2004) suggested that the mosaic arrangement of the landscape is responsible for initiating travelling waves.
The spread and the intensity of the attacks was not uniform throughout the alpine area, being greater in the western Alps than in the eastern Alps (Baltensweiler and Rubli 1999; Bjørnstad et al. 2002; Nola et al. 2006) and in the continental valleys as compared with the valleys with a more oceanic climate. As already suggested by Delamaire (2009) , it is highly likely that the major epicenter in the Briançon region is involved in protecting and dispersing genetic diversity during the outbreaks and plays a major role for migrations in the spatiotemporal dynamics of the populations. In fact, by acting as a homogenizing factor in genetic diversity and as an active component of the spatial development of the outbreaks (i.e., "travelling waves"), LBM dispersal shapes the genetic pattern observed today in the outbreak areas of LBM (Delamaire 2009 ).
Abrupt shift in LBM events linked to climate change
The chronology of LBM epidemics reconstructed for the whole of the French Alps showed changes over time in terms of both intensity and frequency. Thus, an abrupt change was observed during the period 1690-1790. Prior and subsequent to this period, LBM outbreaks were characterized by a cyclicity of about 8 years, as widely described in the literature (Baltensweiler et al. 1977; Baltensweiler and Fischlin 1988; Dormont et al. 2006; Esper et al. 2007; Büntgen et al. 2009; Delamaire 2009; Delamaire et al. 2010 ). This change, common to the three population groups, was analyzed over extended varying periods of time and may be attributed to, at least to some extent, a temperature change as revealed by coherency analysis performed on the LBM time series and climate reconstruction (Büntgen et al. 2005) . Johnson et al. (2010) suggested an upward shift in the elevational optimum due to climatic warming. These rapid changes in the climate and in the zone of potential distribution of certain taxonomic groups have been reported in a number of other studies (Johnson et al. 2010; Maggini et al. 2011; Roques 2015) . By inference from the theoretical model developed by Maggini et al. (2011) , it is possible to hypothesize that fluctuations in the distribution of LBM have occurred during the last 400 years, which explains the cyclical nonlinearity during this period. The onset of the 18th century saw the start of a general temperature drop (Little Ice Age) in Europe and North America. This temperature drop is clearly visible in the tree rings, as demonstrated in a number of climatic reconstruction studies (Büntgen et al. 2006; Corona et al. 2011) .
During the Little Ice Age, a decrease of sunspots resulted in the coldest period, known as the Maunder Minimum. The temperature decrease probably caused an ecophysiological response in the trees, in particular, a later budburst, which may have resulted in 
(t).
In parts A and B, we used intermediate populations as the reference, so time lag identified corresponds to the lag or advance of LBM in the northern population (A) and in the southern population (B). In part C, we used the northern population as reference. a desynchronization of LBM egg hatching from the foliage appearance in previously optimum elevational zones. It could thus explain the population "collapses" described by Baltensweiler et al. (2008) . The larch populations in this study grow at an average elevation of about 1960 m a.s.l., thus at the edges of the distribution zone of the LBM in a "normal" climate. The hypothesis of a descent to a lower elevation of this distribution zone could therefore explain the disruption of the LBM periodic signal during the 18th century (Fig. 9) . The outbreak years observed during this period seem to correspond to the years when the climate favored the spread of the LBM to higher elevation zones during the major outbreak years of the species (Fig. 9C) . Following the return to a favorable climate, the optimum climatic condition and the distribution zone reached higher elevations. The climate change could also have affected the spread of the LBM, as shown by a recent genetic study in the French Alps (Delamaire et al. 2010 ). The same trend has also been suggested by the model proposed by Johnson et al. (2010) , who anticipated a rise in elevation of the insect's optimum development zone. Recent monitoring of the LBM populations in the Briançon area also showed that their density was higher above 2000 m a.s.l. (Delamaire et al. 2010) .
Our results tend to confirm these results. The populations in the southern and the intermediate Alps, situated at higher elevations (>2000 m a.s.l.), have experienced strong LBM outbreaks since the middle of the 20th century. The current climate change has affected the southern and intermediate Alps much more rapidly (Intergovernmental Panel on Climate Change (IPCC) 2007; Beniston 2009), which makes the high-elevation tree populations more susceptible to frequent and intense LBM attacks (Fig. 9D) .
However, it seems clear that this response pattern is limited to zones favorable to larch and that, in conclusion, the climate change effects could explain the spatiotemporal variability of the LBM, despite its presence for thousands of years. 
Conclusion
Understanding the cyclical dynamics of animal populations and assessing the vulnerability of such ecological systems to exogenous forcing such as climate change requires long time series of natural population variation. The long-term history of LBM outbreaks was reconstructed from tree rings of host subalpine larch in the French Alps for the period 1414-2009. While the long persistence and regularity of LBM reoccurrence over the past 500 years in the French Alps was confirmed by this study, a pattern of spatiotemporal heterogeneity was evidenced that offers a good basis for understanding the dynamics of LBM. At the regional scale, the heterogeneity of LBM events is characterized by a 1-year delay between outbreaks occurring in the intermediate Alps and the northern and southern Alps. This asynchronism is attributed to the phenomenon of travelling waves characterized by the existence of epicenter zones from which the epidemic waves spread, similar to those observed in the European Alps (Johnson et al. 2004 ) and parts of the French Alps (Delamaire 2009) . In this respect, intermediate populations are considered as the epicenter of the outbreak, with both a continuous signal height of a periodicity of around 8 years and usually the emergence of an epidemic 1 year before the southern and northern clusters of populations. Similarly, the periodic signal highlighted for the northern and southern TRW chronologies shows less continuity and a changing pattern over time. For all populations, a break period in the signal continuity is observed during the 18th century. Cross-wavelet analysis confirmed the role of climate in the changing patterns of LBM outbreak cycles. As several studies have already demonstrated, mountain species are expected to change their phenological rhythm and (or) their distribution in response to abrupt climate change. In consequence, the interactions between many species may be considerably altered, and thus, the ecosystem dynamics (ecological equilibrium) may be modified in unpredictable ways. On the basis of the results of this study, the LBM may be expected to shift its distribution area to higher elevations in response to warming. Such a phenomenon raises questions about the future larch forest dynamics in the French Alps according to a shift in elevation of LBM. 
